Complex hydrogeological conditions in China's coal mines have contributed to frequent mine water disasters. A simple and effective method to determine water inflow sources and paths is therefore essential. The Longmen Mine, located in Henan Province, in central China was used as a case study. A Piper diagram and cluster analysis were used to screen the characteristic values of 18 water samples from potential aquifers. A comprehensive fuzzy evaluation of the groundwater ions was carried out to determine the main source of the total mine inflow. Then, based on conservation of ionic masses, a matrix function was established to calculate the groundwater recharge composition. Finally, using measured water inflows for the Cambrian limestone aquifer, the calculated and observed results were compared. The results showed that the Carboniferous Taiyuan Formation limestone aquifer (the L 7 limestone aquifer) accounts for 60.8% of the total mine inflow, while the Cambrian limestone and roof sandstone aquifers account for 34.8 and 4.4% of the inflow, respectively. The normal mine inflow totals about 19,200 m 3 /day, of which 6,840 m 3 /day is from the Cambrian limestone aquifer. This agrees well with the calculated value of 6,720 m 3 /day. Thus, the method is feasible and reliable.
Introduction
China is the largest coal producer and coal consumer in the world. In 2016, China's coal production exceeded 3.41 billion tons; currently, coal accounts for 62% of China's energy resource structure (Xu 2016) . However, mine water inrushes often occur during mine construction and production in China and accounts for a large proportion of the nation's mine disasters and accidents. Mine water disaster management and prevention is therefore very important.
Hydrogeochemistry has been used to determine water inrush sources and hydraulic connections (Li et al. 2016a) , and to check the effectiveness of grouting. The water quality characteristics of aquifers are highly variable, and are significantly fuzzy and uncertain. This means that multiple factors are typically needed for comprehensive determinations. Water quality and isotopic analysis have been used to determine water inflow sources, with the assistance of multivariate statistics (Wu et al. 2014) . The statistical methods used have included cluster analysis and discrimination analysis, and non-linear analysis methods such as grey relational analysis, fuzzy mathematics, and artificial neural networks (Li et al. 2010 (Li et al. , 2015 Pan et al. 2009 ).
In cluster analysis, water source determination is treated mathematically. A comprehensive classification is then made using mathematical models, and a qualitative and quantitative analysis is conducted, in which the same or 1 3 similar water sources are considered identical types (Xiu et al. 2008) . Li et al. (2013) applied multivariate statistical techniques to study groundwater quality in an arid mining area; the sources of the major ions were determined, and the results proved to be an important basis for groundwater quality protection. Trace elements and environmental isotopes have been increasingly used to distinguish between aquifers (Davis and Ashenberg 1988; Gammons et al. 2006 ). An example of this approach is described by Salem et al. (1980) , who studied the groundwater cycle model in western Libya using isotope techniques.
The purpose of this study was to identify mine water sources and quantitatively analyze their composition using comprehensive hydrogeochemical determinations. This approach facilitates important decision-making for mine water disaster control, and quickly and accurately solves the fuzzy and uncertain characteristics of water quality. In addition, the method also can be used at various scales for water resources development, regional water resource evaluations, and environmental assessment.
Hydrogeological Conditions of the Study Area
The Longmen coal mine is located in Luoyang City, Henan Province ( Fig. 1) , about 5 km from the Longmen Grottoes scenic area. The overall elevations in the area are high in the south and east, and low in the north and west.
Cambrian mountains extend over the southern areas, while Quaternary deposits cover the middle and northern areas, with occasional bedrock exposures. The main groundwater sources of mine inflow are the L 7 limestone aquifer and the fissured karst Cambrian aquifer.
The main coal seams in the Longmen Mine are located in the Lower Permian Shanxi Formation (Fig. 2) . The fractured height over the caved panel (goaf), after mining, is about 58 m. The fractured zone only affects the porous and fractured Shanxi Formation sandstone aquifer in the roof of the coal seam. The aquifer is mainly composed of fine to coarse sandstone, with a thickness of 1.0-21.4 m (averaging 9.55 m). The main coal seam is in direct contact with this weakly fissured aquifer, and the damaged floor depth is not more than 20 m. The damaged floor zone in some areas has exposed the L 7 limestone aquifer, allowing direct contact with the main coal seam. 
Materials and Methods
The mine's water quality was used for water source discrimination and quantitative determination. The water quality of 1 mine inflow sample and 17 different potential aquifer samples are shown in Table 1 , which includes samples taken from the roof sandstone aquifer, the L 7 limestone aquifer, and the Cambrian limestone aquifer. Anomalous water 
The Methods for Excluding Exception Points
The Piper tri-linear diagram (Piper 1944 ) is one of the most useful graphical representations in groundwater quality studies. The graphs are expressed as a percentage of the milligram equivalent of the three major groups of cations (Ca, Mg, and Na + K) and anions (Cl, SO 4 , and HCO 3 + CO 3 ). Each figure consists of three parts: in the lower left and lower right are two isosceles triangles, and in the middle of the upper part is a diamond-shaped domain (Fig. 3) , and each side of the length of the field extends from 0 to 100%. In the lower left of the isosceles triangle, the percentage of the three major cationic reaction values is represented by a single point in tri-linear coordinates (Li et al. 2016b, c) . In the lower right of the isosceles triangle, anions are expressed the same way. Thus, the graph represents the chemical characteristics of groundwater using relative rather than absolute chemical composition concentrations (Li et al. 2016d ).
Cluster analysis, also known as group analysis, is a multivariate statistical method for studying the classification of samples or indicators, and is useful when there are a large number of samples that require a reasonable classification of their characteristics, in the absence of prior knowledge. A water sample can be considered as a point in p-dimensional space, and close points in that space can be classified as a class, and points at greater distances classified as different categories. 
Analysis of Water Source and Quantitative Composition
Fuzzy comprehensive evaluation is used to assess the membership status of multi-factor and multi-level complex problems, and has been widely used in mine inflow source discrimination. A mathematical model for fuzzy comprehensive evaluation was established using hydrodynamic analysis data for the mine aquifers and mine inflow data. We used the biased weighting method to determine the weight of representative factors, while the expert reasoning method was used to determine the membership degree, and to make a fuzzy comprehensive judgment of the mine inflow source when there were a number of aquifers that could lead to water inrush (Ben et al. 2005; Gao 2012; Liu et al. 2015; Song 1999; Xia et al. 2002; Yu et al. 2007 ).
The law of conservation of mass includes atomic conservation, conservation of charge, and conservation of elements. In element conservation, the mass of an element remains constant before and after a chemical reaction. Conservation of water ions is an extension of the conservation of elements.
Results and Discussion

Exclusion of Exception Points
A Piper tri-linear diagram (Fig. 3) , compiled from the data in Table 1 , shows the mine water plots for the water samples of the three aquifers, and confirms that the mine water is a combination of the three different sources. The water quality of samples 9 (from the roof sandstone aquifer) and 12 (from the Cambrian limestone aquifer) are different from the other samples, as shown in the red oval area in Figs. 3 and 4. Therefore, these two samples were considered anomalies and excluded from further analysis.
The cluster analysis results were consistent with the Piper tri-linear diagram results in terms of excluding these two samples. The average values of the samples from each aquifer were used to create characteristic ion values for each aquifer (Table 2) .
Water Source Discrimination
The characteristic ions of each aquifer were determined, and used to analyze the source(s) of the mine water inflow. The fuzzy comprehensive evaluation follows three main steps: We used the biased weighting method because it incorporates more factors to allocate weight (Wei 2001) .
where a i is the weight of the evaluation factors of the i-th water sample, S ij (S xj ) is the measured value of the i(x) factor of the water sample, U i1 , U i2 , and U i3 U x1 , U x2 , U x3 are the I evaluation factors in the standard value of each aquifer, respectively. U i U x is the average of the i(x) evaluation factors for all aquifers, and m is the number of evaluation factors. The weights of the evaluation factors determined by the biased weighting method are shown in Table 3 . Membership degree was determined by the expert reasoning method, and the membership function of a trapezoidal fuzzy distribution was adopted. This is not restricted by the ion species and is suitable for mines in different environments. Taking K   +   +Na   + as an example to analyze the membership function:
(1) where r 1 (x) , r 2 (x) , and r 3 (x) are the membership functions of K + + Na + for aquifers I, II, and III, respectively. The calculated K + + Na + as an influencing factor for evaluation ofR Na + +K + = (0.588, 0, 0.412) . The influencing factors for Ca 2+ , Mg 2+ , HCO 3− , SO 4 2− , and Cl-were then calculated and for each, a fuzzy evaluation matrix R was obtained.
The evaluation results of the mine water samples are calculated as:
The fuzzy comprehensive evaluation method can be used to deal with uncertain and random factors such as the main inflow sources of mine water. According to our results, the impact of the aquifers on the mine inflow is 0.582 for the L 7 limestone aquifer, 0.353 for the Cambrian limestone aquifer, and 0.065 for the roof sandstone aquifer. By applying the principle of maximum membership, we determined that the main water source for the mine inflow in the Longmen Mine is the L 7 limestone aquifer.
The L 7 limestone aquifer is 2.9-19.4 m below the no. II 1 coal seam. Under normal circumstances, the floor-damaged zone extends to depths of about 5.65-18.38 m, and will therefore, in some areas, expose the L 7 limestone aquifer, resulting in inflow from this aquifer. This is consistent with the fuzzy discrimination results.
Proportion Determination
The principle of conservation of elements can be applied to the ionic composition of mixed solutions, so the composition and The mine inflow proportions were designated as: x is water from the L 7 limestone aquifer, y is from the roof sandstone aquifer, and z is from the Cambrian limestone aquifer. Migrating groundwater often undergoes processes such as filtration, enrichment, adsorption, and ion exchange (Li et al. 2010; Zheng et al. 1998) . Ion exchange can lead to Ca 2+ and Mg 2+ being exchanged for K + and Na + ; therefore, we used a combination of Cl − and SO 4 2− to calculate the relative proportion of the aquifer sources in the inflow: Solving equations (6) yields x = 0.608, y = 0.044, and z = 0.348. This means that the L 7 limestone aquifer accounts for 60.8% of the total mine inflow, while the Cambrian limestone and roof sandstone aquifers account for 34.8% and 4.4% of the inflow, respectively. The total mine inflow is normally about 19,200 m 3 /day, of which 6,840 m 3 /day is from the Cambrian limestone aquifer. This agrees well with the calculated value of 6,720 m 3 /day. The Cambrian limestone inflow is essentially the residual water of the Cambrian limestone inrush area.
Experience has confirmed that although the damaged floor zoneextended to large areas of the L 7 limestone aquifer, mine water inflow did not significantly increase. However, even though the L 7 limestone aquifer is not water-rich, the L 7 limestone aquifer is still the largest total mine inflow source. Thus, according to the quantitative analysis, attention should focus on the L 7 and Cambrian limestone aquifers. Reliable and effective floor grouting and mine plan modifications can be used to safely mine this deposit.
Conclusions
1. Determination of the mine inflow sources is affected by a variety of factors and can be difficult to accurately determine during the mining process. However, tsuch determinations are important for mine water disaster control. Thus, there is a need for a reliable method to address this issue. 2. In this paper, the water characteristics of a mine's inflow were determined by using a Piper tri-linear diagram and cluster analysis. The water source and quantitative composition were analyzed using fuzzy comprehensive evaluation and the law of conservation of mass. 3. Mine water disasters are a major technical challenge.
In this paper, ion characteristics, biased weighting, and ion conservation were used to accurately identify the sources of mine water inflow. The resulting information can be used to prevent and reduce adverse groundwater impacts in the Longmen Mine. Also, this approach can be used for further development of quick-response inrush source determination devices.
